Environmental factors, particularly those associated with the diet, are considered to play an important role in colorectal carcinogenesis. 1 2 A deficiency of the water soluble vitamin, folate, is among those nutritional factors that have been implicated. 3 4 More than ten epidemiological studies have observed an association between diminished folate status and premalignant and malignant changes in several epithelial tissues, including the colon (reviewed by Mason and Levesque 4 ). In addition, two prospective clinical trials, which have administered folate supplements in a placebo controlled fashion and utilised biomarkers of colon cancer as end points, also suggest that this vitamin can modulate colonic carcinogenesis. 5 6 In a rat model of colonic carcinogenesis, folate deficiency enhances the development of colonic dysplasia and cancer, providing convincing evidence for a cause and eVect relationship between diminished folate status and colon cancer. 3 Several potential mechanisms by which folate depletion may enhance colorectal carcinogenesis have been proposed. Folate depletion resulting in defective DNA and/or impaired DNA repair is one such hypothesis. 4 7 In support of this hypothesis are observations in cell culture that indicate that folate deficiency induces chromosomal anomalies, 7 DNA strand breaks, and increased susceptibility to mutagenesis, 8 as well as laboratory rat studies that indicate that folate depletion results in p53 specific DNA strand breaks. 9 Since the p53 gene is integrally involved in regulation of the cell cycle as well as DNA repair, such a structural change in the p53 gene may constitute an additional means by which DNA repair could be impaired. The biochemical basis for these DNA anomalies is not known with certainty, but it is probably related to the fact that folate derived one-carbon groups are essential for the de novo synthesis of purines and pyrimidines. 10 The fact that folate deficiency in humans has been observed to cause both uracil misincorporation into DNA and chromosomal breakage supports the concept that these eVects are operative in humans as well. 11 In the present study we investigated whether folate deficiency produces an impairment of either of the two major types of DNA repair: excision repair and mismatch repair. Anomalies in these repair systems were specifically sought out in the colonic mucosa since the literature on folate and carcinogenesis implicates this tissue as being the most sensitive in this regard and because defects in these two repair systems have been previously implicated in colonic carcinogenesis.
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Methods
ANIMALS
This study was approved by the Institutional Animal Care and Use Committee of the Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University. In study 1, eight weanling male Sprague-Dawley rats (46-61 g; Charles River Co., Wilmington, Massachusetts, USA) were randomly assigned to two groups. The control group (n = 4) received an amino acid defined diet containing 8 mg/kg folate and 1% succinylsulphathiazole, whereas the folate depleted group (n = 4) was fed on an identical diet except that folate was omitted (Dyets, Inc., Bethlehem, Pennsylvania, USA). 15 16 These amino acid defined diets are a well recognised means of predictably inducing folate deficiency. 16 The non-absorbable sulphonamide is included to facilitate the rapid induction of severe deficiency by reducing bacterial folate synthesis in the gut. 15 17 The basal requirement of folate in the rat has variously been defined as 2-8 mg/kg of diet. 18 19 Rats were housed individually in wire bottomed stainless steel cages to minimise coprophagy. Diets and water were supplied ad libitum. Body weights were recorded weekly. After four weeks of diet, the rats were placed individually in a carbon dioxide atmosphere chamber until they were rendered unconscious and then they were killed by exsanguination. Blood was collected into vacutainer tubes, centrifuged at 800 g for 10 minutes at 4°C and plasma was stored at −70°C in 0.5% ascorbic acid for plasma folate assays. Complete blood counts were analysed immediately (System 9000; Serono Baker Diagnostic Inc., Allentown, Pennsylvania, USA). The liver was excised, frozen in liquid nitrogen, and stored at −70°C for hepatic folate assay. The colorectum was excised, opened longitudinally, and the faeces pushed oV gently. It was then washed three times with ice cold saline, completely unfolded on a cold glass plate, and the mucosa scraped oV gently with glass microscope slides. 20 Then 0.1-0.2 g colonic mucosal scrapings were immediately frozen in liquid nitrogen and stored at −70°C for mucosal folate assay. The remainder of the mucosal scrapings were used for the single cell gel electrophoresis assay.
For the second study, 18 weanling male Sprague-Dawley rats were randomly assigned to two groups and placed on amino acid defined diets containing either 0 or 2 mg folate/kg with 1% succinylsulphathiazole for five weeks. Additional rats (n = 18) were randomly assigned to two groups and fed on the same two diets without 1% succinylsulphathiazole. Omission of the sulphonamide in the latter part of study 2 results in the induction of a more mild degree of folate deficiency, 16 enabling the study to be carried out over a longer period of time. 1,2-Dimethylhydrazine (DMH) was administered to the latter two groups of animals every week starting five weeks after initiation of the defined diets, and continued for 15 weeks, as previously described. 21 Rats were killed as described above, and DNA was extracted from the frozen liver tissue and colonic mucosal scrapings using a conventional DNA extraction kit (Easy-DNA; Invitrogen, San Diego, California, USA). Each of the DNA isolates was 20 kb or more by agarose gel electrophoresis, and had no RNA contamination. A 260 /A 280 ratio was 1.8 or above in all instances.
PREPARATION OF SINGLE CELL SUSPENSION
Fresh colonic mucosal scrapings were minced by 60 strokes of sharp scissors and dropped into a 50 ml siliconised centrifuge tube containing 30 ml ice cold phosphate buVered saline with mannitol (PBS-M, 85.5 mmol/l NaCl; 2.6 mmol/l KCl; 8.1 mmol/l Na 2 HPO 4 ; 1.5 mmol/l KH 2 PO 4 ; 200 mmol/l mannitol; 200 U/ml penicillin; 200 mg/ml streptomycin; pH 7.4). The suspension was agitated by mild bubbling of oxygen through a Pasteur pipette for 30 minutes. Pipetting up and down facilitated disaggregation. The suspension was then centrifuged at 75 g for two minutes. The supernatant was removed and 20 ml ice cold fresh PBS-M was added to the loosely packed cell sediment. The cells were resuspended by gentle oxygen bubbling through the medium for five minutes. 20 The centrifugation was repeated once more and cells were resuspended in 20 ml cold calcium-and magnesium-free phosphate buVered saline for subsequent single cell gel electrophoresis assay. Every operation was performed at 4°C. 20 . Cell viability was examined by the trypan blue exclusion technique, 22 and cells remained more than 90% viable for the first 90 minutes after isolation for both folate replete and folate deficient cells.
SINGLE CELL GEL ELECTROPHORESIS ASSAY
This method has previously been described and used to quantify nucleotide excision repair. [23] [24] [25] Each single cell suspension was treated with 10 µmol/l H 2 O 2 for 10 minutes at 37°C and then washed three times with 20 ml cold calcium-and magnesium-free phosphate buVered saline. 26 After H 2 O 2 treatment, 0.5% autologous serum was added to each cell suspension. Each folate deficient suspension was further divided into two: 3 µmol/l thymidine and 30 µmol/l hypoxanthine were added to one of the two folate deficient suspensions to make a "nucleotide pool precursor supplemented" colonocyte suspension. 7 Folate deficiency has previously been shown to induce deoxyribonucleotide pool imbalances, and this is one of the candidate mechanisms for altered DNA repair. Each cell suspension was incubated in a humidified air tight container (atmospheric composition 95% O 2 and 5% CO 2 ) at 37°C, and 0.5 ml aliquots were taken in timed sequence (before H 2 O 2 treatment, immediately after treatment, 30, 60, and 90 minutes later) for single cell gel electrophoresis assay. Low melting point agarose (0.5%; NuSieve, FMC, Rockland, Maine, USA) was added to each freshly prepared suspension of cells at the termination of their incubation, and then the suspension was applied to a fully frosted microscope slide precoated with 1% regular agarose. After application of a third layer of 0.5% low melting point agarose, the slides were immersed in a jar containing cold lysing solution (2.5 mol/l NaCl, 100 mmol/l EDTA, 10 mmol/l Tris, 1% sodium sarcosinate, pH 10; 1% Triton X-100 was added fresh) to lyse the cells and to permit DNA unfolding. The slides were kept at 4°C for at least one hour. After the lysis, the slides were placed on a horizontal gel unit for 20 minutes in the fresh electrophoresis buVer (300 mmol/l NaOH and 1 mmol/l EDTA) for DNA unwinding. Electrophoresis was conducted for five minutes at 25 V and 300 mA, and the slides were neutralised with Tris buVer (0.4 mol/l Tris/HCl, pH 7.5) and stained with ethidium bromide. [27] [28] [29] All of these steps were conducted under dim light to prevent additional DNA damage. The slides were observed under 250 × magnification in a fluorescence microscope (Olympus Corporation, Lake Success, New York, USA) attached to a video camera connected to a C-Imaging Image Analysis System (Compix Inc., Mars, Pennsylvania, USA). A software application (Simple; Compix Inc.) was used for image processing and data collection. Images of 40 cells per specimen (20 cells on each of the duplicate slides) were measured for DNA migration and the length of the image (diameter of the nucleus plus migrated DNA); measurements were in µm. 27 30 
MICROSATELLITE INSTABILITY
Five loci containing di-or tri-nucleotide repeat sequences, representing five diVerent chromosomes were studied. [31] [32] [33] The loci were (chromosome): D1MGH 22 (1); D2MIT 12 (2); IGHE (6); PPY (10); AR (X). Polymerase chain reaction (PCR) was performed as described previously with minor modifications. [34] [35] [36] In brief, each 25 µl reaction mixture, containing 100 ng DNA, 200 µmol/l each dNTP, 1-1.5 mmol/l MgCl 2 , 5 pmol unlabelled primers and 0.16 pmol labelled (with [ -32 P]ATP) forward primer, and 1 unit Taq DNA polymerase was amplified for 30 cycles with the following regimen: denaturation at 94°C for 30 seconds; annealing at 45 or 55°C for 30 seconds; and extension at 72°C for 30 seconds. PCR products were separated in 7% polyacrylamide/7 mol/l urea/32% formamide sequencing gels and detected by autoradiography. Microsatellite instability was assessed by determining whether bands were present in folate deficient DNA that were not present in corresponding folate replete DNA. A positive case was defined as one showing instability at one or more loci, confirmed in two independently performed PCRs. 37 Defects in mismatch repair are usually sought in neoplastic tissue itself because the mono-or oligoclonal nature of a neoplasm makes the identification of microsatellite instability easy and because the likelihood of finding instability is greater.
Nevertheless, Vogelstein and colleagues 38 have recently shown that individuals possessing a predisposition to mismatch repair and colon cancer may display the mismatch phenotype in non-neoplastic tissues. We therefore hypothesised that the systemic nature of a folate deficiency may produce a defect in mismatch repair that would be evident throughout the colonic mucosa.
PLASMA AND TISSUE FOLATE Plasma folate concentration was determined by a conventional microbiological microtitre plate assay using Lactobacillus casei. 39 Hepatic and colonic mucosal folate concentrations were measured by the same microbial assay after extraction of tissue folates in 10 and 4 volumes of fresh folate extraction buVer (5 mmol/l ß-mercaptoethanol and 0.1 mol/l sodium ascorbate in 0.1 mol/l [bis-(2-hydroxyethyl)imino] tris(hydroxymethyl)methane, pH 7.85) respectively, followed by treatment with chicken pancreas conjugase to convert all the polyglutamates to their corresponding mono-and di-glutamate derivatives. 39 40 The latter method has been used extensively to quantify tissue folate concentrations. 41 42 STATISTICAL EVALUATION DiVerences in the means in folate status, body weight, and haemoglobin level between control and deficient groups of rats were examined by two tailed Student's t tests. Significant diVerences in the recovery of nuclear length between the control and folate deficient groups were determined by repeated measures analysis of variance. A level of significance was set at p<0.05 in all instances. Statistical analysis was performed using Systat 5 for the Macintosh (Systat, Inc., Evanston, Illinois, USA).
Results
SINGLE CELL GEL ELECTROPHORESIS (STUDY 1)
All rats appeared healthy in this study and no weight loss or premature death occurred. Similarly, the mean blood haemoglobin concentrations were not significantly diVerent between the control and deficient animals. Nevertheless, the deficient diet led to a greater than 90% decrease in mean plasma folate (p<0.01) and an 80% decrease in hepatic and colonic folate (p<0.01). These observations indicate that, although the folate deficiency in study 1 was not severe enough to make the animals ill, it nevertheless was of suYcient magnitude to deplete both the liver and colon of folate (table 1). As previously described, 43 nuclear DNA in the single cell gel electrophoresis assay appeared as a brightly fluorescent well circumscribed circle before H 2 O 2 treatment. After peroxide treatment, the DNA became fragmented and appeared like a comet. The length of the comet is a direct reflection of the severity of DNA strand breakage, and excision repair capacity is measured by the speed with which the extended length recovers over time. 27 As shown in fig 1, folate deficient cells showed delayed recovery of nuclear lengths compared with the folate supplemented control cells (p = 0.03, repeated measures ANOVA). Even after 90 minutes, the folate deficient colonocytes had not yet recovered to the extent that the control cells had (p<0.05). This observation indicates that DNA excision repair was significantly impaired in folate deficient colonocytes compared with controls. On the other hand, the mean values for nuclear length observed in the nucleotide precursor supplemented folate deficient colonocytes were intermediate between the folate deficient group and the control group (fig 1, small triangles) , and there were no significant diVerences between these values and those of the latter two groups (p>0.05, repeated measures ANOVA). Similarly the nucleotide precursor groups did not show any significant diVerences compared with the control or folate deficient groups at any individual time point (p>0.05).
MISMATCH REPAIR STUDY (STUDY 2) In the second experiment, five week old rats, also treated with succinylsulphathiazole, showed a significant decrease in body weight, haemoglobin level, and folate levels of the serum, liver, and colon (table 1) . This was a somewhat more severe degree of depletion than in study 1, reflecting an additional week on the folate deficient diet. In contrast, 15 week old rats without succinylsulphathiazole did not show any diVerences in body weight and haemoglobin level, but folate levels of serum, liver, and colon were significantly decreased (table 1). Figure 2A shows the amplified AR microsatellite locus in the X chromosome, split by two bands, which is common in microsatellite amplification. Figure 2B shows another amplified microsatellite locus, IGHE, in chromosome 6. In the loci examined in fig 2A and 2B, an identical pattern of amplification is evident for the folate deficient and folate replete animals. In a survey of five distinct microsatellite loci, including AR and IGHE, microsatellite instability was not found in either the hepatic tissue or the colonic tissue. In the first part of study 2 (folate deficiency alone), extra bands were lacking in the amplified loci from DNA of folate deficient rats compared with control rats, regardless of whether the comparisons were with the same tissue (colon-colon, liver-liver) or a diVerent tissue (colon-liver). In the second part of study 2, in which rats were variously exposed to long term folate deficiency and DMH or to DMH alone, instability was also not found in either the DMH treated group or the DMH treated folate deficient group. In the instance of the DMH exposed groups, comparisons were made between colon and liver, since DMH is largely a colon-specific carcinogen at the doses used in this study. 42 
44
Discussion
Colorectal cancer is felt to evolve through the stepwise acquisition of mutations and deletions at certain critical genetic loci, many of which have been recently identified. 45 46 The primary carcinogens and the mechanisms by which colorectal carcinogenesis proceeds, however, are poorly understood. Since evidence is rapidly accumulating that diminished folate status enhances colonic carcinogenesis, 3 4 we investigated the eVect of folate deficiency on the major types of DNA repair present in colonic mucosal cells. Our observations show that folate deficiency alone is suYcient to impair DNA excision repair in this tissue. In contrast, no evidence of defects in the mismatch repair system were observed. The apparent resistance of mismatch repair was even evident when the folate deficiency was prolonged and was present in conjunction with a chemically induced predisposition to cancer.
Defects in DNA repair have been strongly implicated in colorectal carcinogenesis. 47 Two major categories of DNA repair systems, excision repair and mismatch repair, have been described for mammalian cells. Excision repair removes damaged bases and short sequences and replaces them with normal ones. 48 In contrast, mismatch repair specialises in correcting errors made when DNA is replicated. The two repair systems are not entirely independent, since recent studies have indicated that, at least in prokaryotes, the molecular processes of mismatch repair are related to the molecular mechanisms of excision repair in a subtype of excision repair called transcription coupled repair. 14 49 The single cell gel electrophoresis assay is a rapid and sensitive technique for measuring and analysing DNA breakage in mammalian cells and has proved to be useful in measuring the DNA excision repair capacity from chemically and radiation induced DNA lesions. [27] [28] [29] Two subtypes of excision repair are known to exist: nucleotide excision repair and base excision repair. Although the predominant mode of repair of H 2 O 2 treatment is thought to be nucleotide excision repair, 50 some base excision repair is almost certainly a factor. The single cell gel electrophoresis assay cannot adequately distinguish between the two, so we merely refer in this study to the term "excision repair", a term that encompasses both subtypes. In this microgel electrophoresis technique, cells are embedded in agarose gel on microscope slides, lysed, and electrophoresed under alkaline conditions. Cells with increased DNA damage display increased migration of the DNA from the nucleus towards the anode. The length of DNA migration has been shown to reflect the amount of DNA breakage in the cell. 28 30 In the first study reported in this paper, we produced oxidative damage to the DNA of isolated colonocytes with dilute H 2 O 2 and observed DNA excision repair activity with the single cell gel electrophoresis assay, comparing the repair activity between folate deficient and folate replete colonocytes. H 2 O 2 produces a wide spectrum of DNA damage: strand breaks, purine and pyrimidine base damage, as well as damage to the deoxyribose moiety have all been described. H 2 O 2 can also release all four bases from DNA (the pyrimidines especially, thymidine appears to be most susceptible) and cleave the DNA backbone. 51 52 Nucleotide excision repair, which recognises and repairs large bulky lesions in DNA, is therefore a major cellular defence mechanism against this oxidising agent. 50 Our folate deficient rats in study 1 showed significantly decreased plasma, hepatic, and colonic folate concentrations compared with the folate supplemented groups, even though body weight and haemoglobin level were not diVerent. The single cell gel electrophoresis assay of DNA from these rats showed that folate deficiency delayed the rate of DNA repair activity in rat colonocytes. Although the initial extent of DNA damage was identical in the folate deficient and folate supplemented groups, a significant diVerence in the degree of recovery from this insult was evident between the control and folate deficient group as early as 30 minutes after the damage. In this experiment, both control and folate deficient colonocytes showed progressive recovery over time, but the folate deficient cells displayed a significant retardation in the rate of recovery that was still apparent one and half hours after the damage had been inflicted. It remains to be determined whether a more modest degree of folate deficiency produces a similar defect in excision repair. We recently reported the appearance of strand breaks within the p53 gene in rat colon resulting from a similar degree of folate deficiency. 9 Since the presence of strand breaks represents a dynamic balance between ongoing DNA damage and the repair mechanisms that correct the damage, one could reasonably speculate that the strand breaks observed in our prior study reflect, at least in part, impaired DNA excision repair.
Hypoxanthine is a precursor which bypasses the need for folate dependent purine biosynthesis, and thymidine precludes the need for de novo thymidine synthesis, another folate dependent reaction. 53 In an in vitro study, Chinese hamster ovary cells grown in folate deficient medium showed various types of chromosomal aberrations, but cells grown in hypoxanthine supplemented folate deficient medium exhibited a low frequency of damaged mitoses. 7 In our experiment we added hypoxanthine as a purine precursor and thymidine as a pyrimidine precursor to the aliquots of a folate deficient single cell suspension. The values for single cell gel electrophoresis assay observed in the precursor supplemented colonocytes were intermediate between the folate deficient group and the controls, and did not show any significant diVerence compared with either of those groups. It is well known that the addition of these precursors, in the concentrations used in this study, can reverse some of the eVects of folate deficiency, 7 but in this instance, the addition of nucleotide precursors does not appear to have been suYcient to reverse the observed eVects of folate deficiency completely. These observations suggest that folate deficiency disrupts excision repair partly, but not wholly, by altering the cellular pool of deoxyribonucleotides, a well known eVect of folate deficiency. [54] [55] [56] The stability of short repeated sequences (microsatellites) provides an excellent indicator of mismatch repair proficiency, as these sequences are prone to misalignment during DNA replication. Such replication errors, as shown by microsatellite instability, are found in 43-71% of colorectal cancers from patients with hereditary non-polyposis colorectal cancer and in 9-13% of seemingly sporadic colorectal cancers. [57] [58] [59] Our search for such instability in folate deficient animals produced negative results as did the survey in animals where folate deficiency was prolonged and was present in conjunction with a carcinogen induced predisposition to colon cancer. In order to create such a predisposition, we used the well established DMH rodent model of colorectal cancer. 60 61 The DMH rodent model of colorectal carcinogenesis mimics closely that of humans but has been shown not to induce microsatellite instability by itself. 62 There was no evidence of instability at the five loci we chose, and therefore folate deficiency, with or without the synergism of a chemically induced predisposition to colon cancer, does not appear to disrupt mismatch repair. We intentionally surveyed microsatellite loci on five diVerent chromosomes, since this has been the practice of other investigators searching for defects in mismatch repair 63 64 ; however, we cannot exclude the possibility that a more exhaustive survey of other microsatellites would have produced some evidence of instability, or that another means of assessing defects in mismatch repair or other levels of folate deficiency may have detected some abnormalities. In fact a moderate, rather than severe, level of folate deficiency may be more relevant to the human situation.
In summary, folate deficiency alone is a sufficient force to create an impairment in DNA excision repair in the colonic mucosa. The mechanism(s) by which this eVect is mediated has not entirely been revealed by our study but may, in part, be related to the disruption of intracellular nucleotide pools. Previous reports of genomic and gene specific DNA strand breaks associated with folate deficiency 9 may be related to this phenomenon. Whether the disruption in DNA repair induced by folate deficiency is a means by which diminished folate status enhances colorectal carcinogenesis remains a provocative, but untested, hypothesis.
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